Background. Iatrogenic medication errors due to calculation errors are an under-reported concern in children. Objective. To determine the incidence and source of iatrogenic medication errors in a paediatric intensive care unit (PICU). Methods. A prospective study was conducted in the PICU at Inkosi Albert Luthuli Hospital, Durban, South Africa, over a 3-month period in 2014. Medication-related calculation skills of medical practitioners and nurses were assessed through the voluntary anonymous completion of a questionnaire. Medication errors were recorded either spontaneously or by review of all electronic records of admissions. Errors were classified as delays in the decision to prescribe, prescribing mistakes, dispensing errors and administration issues. Results. Of 25 staff members sampled, only 6 (24.0%) were able to complete all medication calculations accurately, while 44.0% (n=11) were unable to answer three or more questions correctly. Errors most frequently encountered included failure to calculate rates of infusion and the conversion of mL to mEq or mL to mg for potassium, phenobarbitone and digoxin. Of the 117 children admitted, 111 (94.9%) were exposed to at least one medication error. Two or more medication errors occurred in 34.1% of cases. Of the errors, 73.8% were detected on chart review and 26.2% by spontaneous reporting. Overall, 89.2% of errors occurred during prescribing, with 10.0% having a ≥10-fold increase or decrease in dosage calculations. Only 2.7% of medication errors were reported as resulting in adverse events. Conclusion. Therapeutic skills of healthcare professionals working in the PICU need to be improved to decrease iatrogenic medication errors.
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Pharmacovigilance has been described as 'the science and activities relating to the detection, assessment, understanding and prevention of adverse effects or any other drug-related problems' . [1] It is a responsibility shared between consumers, medical and associated practitioners, regulators, manufacturers and researchers. The World Health Organization (WHO) recognised the importance of pharmacovigilance and created a global centre for reporting of adverse effects of drugs in Uppsala, Sweden. This unit has guided the development of various types of adverse event reporting, including spontaneous reporting, targeted spontaneous reporting, focused active surveillance, cohort reports, pregnancy exposure registry surveillance systems, adverse effects following immunisation surveillance programmes, and a decentralised approach. The National Adverse Drug Event Monitoring Centre at the University of Cape Town is currently being utilised as the reference centre for spontaneous reporting of adverse drug effects in South Africa (SA). In addition, the National Department of Health (NDoH) in SA has adopted a district-based decentralised adverse drug reporting system for antiretroviral therapy, but this programme is not yet operative in all 52 districts. A multidisciplinary task team set up at district level reviews and reports only those errors deemed of national significance to the NDoH.
Medication errors are an important cause of iatrogenic morbidity, mortality and additional health costs in hospitalised patients. In the USA, the estimated cost for medication-related morbidity and mortality in 2000 was USD177.4 billion. [2] While iatrogenic medi cation errors in children at healthcare facilities in industrialised countries have been well described, there are limited data from developing countries, including SA. [3] [4] [5] [6] The incidence of medication errors varies widely between clinical settings and patient populations. Factors that account for this variation include the definition of medication errors, whether medication error was calculated per patient day, medication day or dose administered, and whether the errors were identified by spontaneous reporting or by focused active surveillance. [7] In a 5-week retrospective chart review of paediatric inpatients, Al-Jeraisy et al. [8] documented an overall rate of 56 medi cinal errors per 100 medication orders, with one-third occurring in the paediatric intensive care unit (PICU). The most prevalent errors were in dosing (22.0%), in the route of administration (12.0%) and in frequency of dosing (5.4%). In one of the few safety reports from a PICU in SA, Vermeulen et al. [9] identified higher rates of adverse effects reporting with a trigger tool method rather than a real-time reporting tool in both retrospective and prospective analysis of data from Red Cross War Memorial Children's Hospital, Cape Town, SA.
A medication error can occur at any one or more of the five stages of medication use, viz. prescription, transcription, dispensing, preparation and administration. Children admitted to a PICU pose unique challenges with regard to the use of medications as they have severe illnesses requiring a large number of medications. Compared with children admitted to a general ward, they are prescribed twice the number of medications. [10] Furthermore, medication dosages in the PICU are often calculated on the basis of an estimated weight or body surface area. Dosing is almost always parenteral, RESEARCH and medications require dilution before being administered as an infusion at a specific rate. Medication errors are likely to occur as a result of the large number of prescribed items, the multiple care providers involved, and the extensive detail required in an ICU setting. Patients in these units are often sedated and rely on dedicated professionals and sophisticated technologies and equipment delivering essential care. These patients have little physiological reserve, which potentially increases the risk of adverse events. [10] Lack of adequate training of healthcare professionals, poor understanding of the pharmacokinetics and pharmacodynamics of medications, poor vigilance and lack of medicine-related audits contribute to high rates of medication errors in children. There is a seven-fold increased risk of medication errors in the intensive care unit (ICU) compared with the general ward. [11] In attempting to identify the source of these errors, Rowe et al. [12] studied the calculation skills of paediatric residents in 1993 (34 participants) and 1995 (30 participants), each time by administering anonymously written tests that mirrored real-life paediatric bedside dosing challenges. In both years, 44% of trainees made at least one medication error, with 11% (7 of 64) making a 10-fold or greater error in dosage. These seven residents made significantly more errors than the rest of the group. Six of the seven residents were in their first year of training.
Objective
Currently there is no published literature on iatrogenic medication errors in SA. We conducted the first prospective study to define iatrogenic medication errors in a PICU.
Methods
This study was conducted prospectively over the 3-month period September -November 2014 in a 14-bed PICU at Inkosi Albert Luthuli Hospital (IALCH), Durban, SA. The unit admits an average of 500 critically ill children aged 0 -12 years annually and serves a population of 3 million children in the province of KwaZulu-Natal, SA. The PICU functions as a closed unit, staffed by three fulltime subspecialists, one fellow training in critical care and seven registrars, and has a nurse/patient ratio of 1:1. Most of the nurses in the unit (>80%) do not have specialised critical care training, and there is constant turnaround of staff due to resignation. The registrars are in training for paediatrics and work in the unit on a 3-monthly rotational basis. The hospital has a computerised physician order entry (CPOE) system for prescribing medication. A pharmacist dispenses electronically submitted medication orders but does not attend to patients at the bedside. On average 1 -2 patients are admitted to the unit each day, but occasionally 4 -5 patients may be admitted on a single day. Admissions arrive at all times of the day or night but are usually concentrated in the early evening. There are four registrars on duty between 08h00 and 18h00, one of whom continues to undertake a 24-hour shift. A different registrar works between 20h00 and 08h00 every night. Two consultant ward rounds, one at 10h00 and a second at 17h00, are done each day.
Medication calculation skills of healthcare staff in the PICU were assessed by requesting medical and nursing staff to voluntarily complete a paper-based questionnaire, adapted from that used by Rowe et al. (Appendix 1). [12] The questionnaire was answered anonymously. There were no time restrictions placed on respondents for completion of the questionnaire. The questionnaire was administered at the onset of the study, during September 2014. Basic calculation skills tested were conversion of millilitres to milliequivalents and milligrams to millilitres and vice versa, pounds to kilograms, and methods of preparing infusions.
The CPOE system at IALCH allows only medical staff to order medication. The medication is usually ordered in milligrams with options for the selection of the frequency and route of administration provided. The program does not auto-calculate the conversion of milligrams to millilitres and there are no safety checks to limit prescriptions below and above therapeutic ranges, or maximum daily doses of medications. Nurses are tasked with the conversion of milligrams to millilitres and administration of medications, and are required to confirm the conversion with a colleague. There is no routine process to check whether this process is undertaken or accurate. At the end of a 7-day period, orders of medications on the system that are not renewed 'fall off ' the daily prompts.
For the prospective study, parents and caregivers of all patients admitted to the unit over the study period were informed of the study, and written informed consent in English or isiZulu was obtained. For the spontaneous reporting of medical errors, all staff were reassured that persons responsible for errors or those reporting the incident would not be subject to any legal inquiry. All reports were treated as confidential. For easy access of study material, blank copies of the spontaneous reporting questionnaire were made available in a storage box that was labelled and left in the unit. The questionnaire included demographic data, date, time, number of staff on duty, description of the reason for the patient's admission, list of all medications the patient had received, type and description of medication error, impact and outcome of error, who reported it and whether the error was disclosed to the family. These forms were collected daily and entered into the database.
Focused surveillance of errors by review of the electronic chart of every admission to the PICU over the study period was conducted by the primary investigator at the end of the 3-month study period to identify any medication errors that were missed. All medicine doses were compared with those suggested in a standard reference text. [13] A medication error was defined as any error in the medication process, whether there was an adverse consequence or not. The type and description of medication error included errors relating to the decision to order medication (such as delays in ordering, indications or contraindications), prescribing errors (delays in prescribing, incorrect patient, incorrect medicine, incorrect intravenous rate, incorrect intravenous concentration, incorrect strength, incorrect frequency, incorrect route, duplicate order), dispensing delay (lack of ordering or issuing the medicine), preparation errors (unsterile technique, incorrect intravenous concentration, incorrect medicine used, labelling error), and administration errors (wrong patient, wrong medicine given, incorrect dose given, incorrect intravenous rate, incorrect route, extra dose given, dose omitted, medication given but not prescribed).
The outcomes of medicinal error were classified as fatal (patient died), life-threatening (e.g. respiratory failure requiring intubation, coma, anaphylactic shock), serious (e.g. bleeding, altered mental state, increased plasma creatinine, drop in blood pressure, allergic reaction) or significant (e.g. rash, diarrhoea, thrombocytopenia, nausea/vomiting).
All data were analysed with the assistance of a statistician, using the Statistical Package for Social Sciences (SPSS) version 21 (IBM, USA). Results were provided as descriptive statistics such as frequencies, percentages, and means and standard deviations. 
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Results
There were 117 patients admitted to the PICU during the 3-month period. The most common primary diagnosis was acute respiratory failure secondary to bronchopneumonia (64.0%), with acute respiratory distress syndrome seen in 23.3% of these cases. Of the patients admitted, 19.0% of admissions were HIV-infected, confirmed on two HIV DNA polmerase chain reaction-positive results; 93.2% of admissions were accepted as acute emergencies and 6.8% as elective cases.
Errors in calculation
Twenty-five healthcare professionals out of a total of 74 (63 nursing and 11 medical practitioners) completed the 11 questions in the medication calculation questionnaires. The level of expertise was known via the questionnaire for 48.0% (12/25) of the respondents, the majority of these (75.0%, 9/12) being nurses. Only six staff members answered all 11 questions correctly. Eleven staff members (44.0%) incorrectly answered three or more questions, and this was proportionally equally spread between medical and nursing staff. Common errors included failure to calculate rates of infusion, the conversion of millilitres to milliequivalents for potassium, phenobarbitone and digoxin, and 10-to 1 000-fold higher or lower doses for the individual medications (Tables 1 and 2).
Spontaneous and active focused reporting of medication errors
Of the 117 admissions, 111 (94.9%) experienced at least one iatrogenic medication error. Medication errors were spontaneously reported in 29 cases (26.1%), while an additional 82 errors (73.9%) were detected by means of electronic chart review. Spontaneous reports were completed mostly by medical staff (73.9%), but also by nursing staff (27.1%). The majority of errors occurred in male patients (63.1%) and those <6 months of age (69.4%). Thirty-two percent of subjects with medication errors were severely underweight for age (WHO z-score <3). Common medications where errors were noted included antibiotics (91.9%), analgesics (78.4%) and sedatives (73.9%) (Fig. 1) . The greatest number of errors (45.1%) occurred between 08h00 and 16h00 on weekdays, a period when there is an active turnaround of patients (Fig. 2) . There was no increase in errors over weekends or public holidays, when there are fewer staff members on duty.
Of the 111 patients in whom a medication error was reported or detected, 65.8% had 1 medication error, 18.0% had 2 medication errors, 8.1% had 3 medication errors, 6.32% had 4 errors, and 1.8% had 5 errors. Delays in the decision to prescribe were noted in only 4.5% of patients. Actual prescribing errors occurred in 89.2% of patients, with delay in ordering (22.5%), incorrect concentration (19.8%), duplicate ordering (16.2%) and lack of renewal of scripts (38.7%) being the most common mistakes. Preparation errors comprised 6.3% of total errors. Administration errors mainly consisted of dose omissions (16.2%) and administering medicines that were not RESEARCH prescribed (15.3%). Only 2.7% of medication errors were reported as resulting in adverse events (Table 3) .
Of the 111 patients with medication errors, 12 (10.8%) had significant dosage errors (3.2-and 32-fold increases in the dose of phenobarbitone, 1.5-and 20-fold increases in the dose of acyclovir, 10-fold increase in the dose of tazobactam, 3.5-fold increase in the dose of fluconazole, 1.3-fold increase in the dose of sildenafil, 4-fold decrease in the dose of meropenem, 20-fold decrease in the dose of captopril, and a 2.85-fold decrease and 10-fold increase in the dose of furosemide infusion). Of these 12 patients 4 died, none apparently from the direct effect of the medication error. In the remaining 8 patients, toxic phenobarbitone levels, renal impairment caused by furosemide and increased septic markers as a result of an inadequate dose of meropenem were reported (Table 2 ).
Discussion
The major finding in this study of iatrogenic medication errors in an SA PICU was the poor medication-related calculations skills demonstrated by healthcare professionals. The dosing errors in calculations ranged from 10 to 1 000 times more or less than the precise dose. As these questionnaires were answered in the individuals' own time, factors such as excessive workload or fatigue were unlikely to have contributed to the poor results. [14, 15] Rowe et al. [8] had similar findings, showing that a substantial proportion of paediatric trainees made life-threatening mistakes while calculating medication doses under optimal test conditions. These findings suggest that testing of calculation skills should be mandatory before any nurse or medical professional is allowed to work in a PICU. Remedial steps should be in place to prevent a poor standard of care being delivered. A recent report in the UK General Medical Council's Tomorrow's Doctor Manual has supported the move of improved teaching of prescription to undergraduate and postgraduate medical practitioners. [16, 17] Our findings also support the need for medical undergraduates to be exposed to a curriculum that teaches the core elements of clinical pharmacology and therapeutics. [18] Heaton et al. [19] published a 2-year web-based survey that looked at undergraduate preparation for prescribing. Seventy-four percent of 2 413 participants felt that the amount of clinical pharmacology and therapeutics teaching they received was 'too little' , and 56% felt that their assessment of this subject matter was inadequate. [19] In SA, the need for an urgent review of teaching and assessment of competence in relation to prescribing at medical and nursing schools is clear. Healthcare graduates should ideally be examined in a 'must-pass' clinical pharmacology and therapeutics examination in their final year of training.
Spontaneous reporting is a pharmacovigilance tool with limited value, mainly used as a means of signal detection. [20, 21] In the spontaneous reporting and focused active surveillance review of the electronic charts, very high rates of medication errors were identified. The majority of these errors occurred during a time when there was a high burden of admissions with adequate staff numbers on duty. Possible reasons for these errors could be poor knowledge levels of staff members and an excessive workload. Furthermore, the hospital uses a computerised system for prescribing, which, despite the training provided, may have proved challenging for staff with limited computer knowledge. [18] In addition, the software utilised does not include decision support elements, such as alerts for incorrect dosages, drug-drug interactions, contraindications or associated allergies, or advice about dosing in the presence of renal or hepatic failure. If medication is maintained as ICU ward stock, a second staff member should be mandated to check the prescription as a routine before it is administered. The presence of full-time pharmacists on wards or in decentralised pharmacies could also assist in intercepting errors before they occur. Hand-held devices such as smartphones with medication dosage applications could also be used at the bedside to assist in calculating dosages. As prescribing errors accounted for 89.2% of all medication errors, these measures could have a significant impact on the quality of care provided.
Our finding of a very high prevalence of medication errors differed from those reported in other studies. Kaushal et al. [22] used prospective chart review to study medication errors in 2001, in which they reviewed 10 778 medication orders and found 616 medication errors (5.7%), 115 potential adverse drug events (1.1%) and 26 adverse drug events (0.24%). Most of the potential adverse drug events occurred at the stage of medication ordering (79%) and involved incorrect dosing (34%), especially of anti-infective medicines (28%) and intravenous medication (54%). In 2000, Ross et al. [3] reviewed 5 years of medication errors among admissions and reported an incidence of 0.15%. During the same period, 195 spontaneous reports were recorded, mainly by nurses (59%), with dosing errors (commonly with antibiotics) at the time of ordering (28%) and errors with the intravenous administration (56%) frequently identified. A >10-fold error occurred in 8% of these patients. The high rates of iatrogenic medication errors detected are likely to be due to the use of spontaneous reporting and chart review, rather than reliance on the former method alone.
The lack of specific monitoring of children with medication errors is of concern. In 2008, Passi and Parihar [5] performed a prospective chart review of children with medication errors over a 6-month 
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period. Almost two-thirds of the errors occurred in an ICU, with adverse effects rarely reported. These findings are similar to those in our study. Of note, in our study no parents were informed about any of the medication errors that occurred. While this is understandable given prevalent concerns around ligation, it is not acceptable. Senior clinicians should act by undertaking frequent checks for early detection and management of these errors. They should also spend time counselling parents about any errors that have been reported.
Study limitations
Our study had several limitations, including being from a single study site. The incidence of errors was estimated based on the number of admissions to the PICU over the study period and not on the number of medication orders that were issued. Administration and preparation errors may also have been missed, as there was no system in place to adequately monitor each medicine prepared or administered. The accuracy of the data generated was not checked by an independent reviewer.
Conclusion
The high incidence of medication errors reported and detected in the PICU probably results from poor medication-related calculation skills and knowledge on the part of both medical and nursing professionals. All medical and nursing colleges should consider whether their undergraduate curricula adequately address the development of necessary numeracy and clinical therapeutic skills among their graduates. [23] All medical and nursing staff should have their calculation skills tested before commencing work in the PICU. Appropriate remedial steps should follow in order to reduce iatrogenic morbidity, mortality and the financial burden to the healthcare system. The complexity of the prescribing process supports the position that multiple rather than single interventions would help reduce the burden of medication errors (Fig. 3) . Given the increasing burden of litigation in SA, research into these areas of healthcare is essential. 
